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(57) ABSTRACT

A method for sensing misalignment of a rotating shaft
includes rotating the shait. A distance from a sensor on the
shaft to a first rim of a first coupling mounted to an end of
the shaft 1s sensed as the shait rotates. A change in the
distance from the first sensor to the first rim of the first
coupling 1s determined based on the sensed distance. An
angle of the first coupling based on the change i1n the
distance from the first sensor to the first rim of the first
coupling during one revolution of the shaft 1s determined
based on the sensed change in the distance from the first
sensor to the first nm. An angle of the shaft 1s determined
based on the sensed distance from the first sensor to the first
rim of the first coupling representing the sensed change in
the distance from the first sensor to the first rnm.
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METHOD OF MEASURING MISALIGNMENT
OF A ROTATING FLEXIBLE SHAFT
ASSEMBLY

BACKGROUND 5

The present disclosure generally relates to measurement
of a rotating shaft. In particular, the present disclosure
relates to measuring misalignment of a rotating flexible shaift
assembly. 10

Flexible shait assemblies are used to transmit power
between two devices, such as between an engine and a
helicopter main rotor gearbox when the two devices are not
perfectly aligned. Flexible elements on the driveshaft can be
used to accommodate misalignments between the shaft and 15
the devices. In some cases, 1t 1s necessary to limit the flexing
of the flexible elements such that the flexible elements can
operate without breaking. Often, specific applications for a
driveshaft require specific values of misalignment based on
analysis and often add a factor for safety. After installation 20
of tlexible shaft assemblies, operators often desire to know
how much shait misalignment occurs during operation.

Existing methods for measuring misalignment of shaifts
tall short when utilized for rotating shafts due to sensors
becoming dislodged, limited space for internal sensors, and 25
damage or failure to strain gauges incorporated with the
SENsors.

SUMMARY
30
A method for sensing misalignment of a rotating shaft
includes rotating the shait aligned along a shaft axis. A first
coupling with a first rim and a first axis 1s mounted to a {irst
end of the shaft and a second coupling with a second rim and
a second axis 1s mounted to a second end of the shaft. A first 35
sensor 1s coupled to a portion of the shaft such that the first
sensor rotates with the shatt. A distance from the first sensor
to the first rim of the first coupling 1s sensed as the shaft
rotates with the first sensor. A change in the distance from
the first sensor to the first rim of the first coupling 1s 40
determined based on the sensed change 1n the distance from
the first sensor to the first rim of the first coupling. An angle
of the first coupling 1s determined based on the sensed
change 1n the distance from the first sensor to the first rim of
the first coupling during one revolution of the shaft. An 45
angle of the shait 1s determined based on the sensed distance
from the first sensor to the first nm of the first coupling
representing the sensed change 1n the distance from the first
sensor to the first nmm of the first coupling during one
revolution of the shaft. 50
A flexible shatit assembly includes a shatt, first and second
couplings, and a sensor assembly. The first coupling
includes a first outer rim and 1s mounted to a first end of the
shaft. The second coupling 1s mounted to a second end of the
shaft. The sensor assembly 1s mounted to the shaft and 55
includes a collar and a first sensor. The collar 1s mounted
onto an exterior surface of the shaft. The first sensor faces
the first outer nm of the first coupling and 1s coupled to the
collar such that the first sensor rotates with the collar as the
collar 1s rotated with the shatt. 60
A shaft misalignment measuring system includes a first
coupling, a second coupling, a shait, and a sensor assembly.
The first coupling includes a first radially outer rim, wherein
the second coupling includes a second radially outer rim.
The shaft 1s connected to and extends between the first 65
coupling and the second coupling. The sensor assembly 1s
mounted on the shaft and includes a collar, a first sensor, and

2

a second sensor. The collar 1s attached to the shaft. The first
sensor 1s mounted to a first location of the collar and 1s
configured to measure a change 1n angle of the first radially
outer rim as the shaft rotates. The second sensor 1s mounted
to a second location of the collar and 1s configured to
measure a change in angle of the second radially outer rim
as the shaft rotates.

The present summary 1s provided only by way of
example, and not limitation. Other aspects of the present
disclosure will be appreciated in view of the entirety of the

present disclosure, including the enftire text, claims, and
accompanying figures.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a side view of a flexible shait assembly with
a sensor system, shown with the flexible shait assembly 1n
a first, aligned position.

FIG. 1B 1s a side view of the flexible shaft assembly with
the sensor system, shown with the flexible shaft assembly in
a second, misaligned position.

FIG. 2 1s a graph of a signal collected during a revolution
of the flexible shait assembly for four different alignment
conditions.

While the above-identified figures set forth one or more
embodiments of the present disclosure, other embodiments
are also contemplated, as noted in the discussion. In all
cases, this disclosure presents the ivention by way of
representation and not limitation. It should be understood
that numerous other modifications and embodiments can be
devised by those skilled 1in the art, which fall within the
scope and spirit of the principles of the mvention. The
figures may not be drawn to scale, and applications and
embodiments of the present invention may include features
and components not specifically shown 1n the drawings.

DETAILED DESCRIPTION

In the present disclosure, a light-weight sensor or sensors
are attached to the non-flexing portion of a tlexible drive-
shaft to measure a degree of misalignment between the shait
and a coupling. Measurement data can be either stored 1n
memory associated with the sensor for retrieval or transmit-
ted to receivers 1n the airframe or on the ground.

FIG. 1A 15 a side view of flexible shaft assembly 10 in a
first position and shows first coupling 12 (with first dia-
phragms 14, first outer rim 16, and first coupling axis 18),
second coupling 20 (with second diaphragms 22, second
outer rim 24, and second coupling axis 26), shait 28 (with
first end 30, second end 32, and shait axis 34), sensor
assembly 36 (with collar 38, first sensor 40, second sensor
42, power source 44, and transmitter 46), first tlange 48, and
second flange 50.

Flexible shait assembly 10 1s a flexible shait assembly for
use 1n a power transmission system. In one example, tlexible
shaft assembly 10 1s used in a helicopter to connect the
engine to a main rotor gear box. In another example, flexible
shaft assembly 10 can be connected to an accessory gear
box. In other embodiments, tlexible shaft assembly 10 can
be connected to and installed 1n a vehicle or non-vehicle
application such as an industrial turbine engine or any type
of power transmission system where this type of flexible
shaft assembly may be used. In general, flexible shait
assembly 10 includes a torque-carrying shaft or tube 28 that
cannot tlex, but can twist under torque loading.

First coupling 12 and second coupling 20 are flexible
connection elements or joints. In this embodiment, tlexible
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shaft assembly 10 includes a flexible diaphragm coupling
(1.e., first coupling 12 and second coupling 20) at both ends
of shait 28. In another non-limiting embodiment, one or both
of first coupling 12 and second coupling 20 can be replaced
with crown spline which are typically limited to a small
amount of angular misalignment. In another non-limiting
embodiment, one or both of first coupling 12 and second
coupling 20 can be replaced with a gear coupling, disc
coupling, bellow coupling or flat and/or flexible beam type
coupling. First diaphragms 14 and second diaphragms 22 are
flexible plates or discs of solid, resilient material. In this
embodiment, there are four of each of first and second
diaphragms 14 and 22, respectively. In other embodiments,
first coupling 12 and second coupling 20 can include more
or less than two of first diaphragms 14 and/or second
diaphragms 22. First outer rim 16 1s a circumierentially
outer-most portion of first coupling 12. In this example, first
outer rim 16 1s a connection point or joint between two of
first diaphragms 14 closest to shait 28. First coupling axis 18
1s an axis extending along an axial direction of first coupling
12 and that passes through a centerpoint of first coupling 12.

Second outer nm 24 1s a circumierentially outer-most
portion of second coupling 20. In this example, second outer
rim 24 1s a connection point or joint between two of second
diaphragms 22 closest to shaft 28. Second coupling axis 26
1s an axis extending along an axial direction of second
coupling 20 and that passes through a centerpoint of second
coupling 20. Shaift 28 1s a cylindrical driveshaft. First end 30
and second end 32 are opposite ends of shaft 28. Shaft axis
34 1s a centerline axis of shaft 28.

Sensor assembly 36 1s an assembly including collar 38,
first sensor 40, second sensor 42, power source 44, and
transmitter 46. In another example, sensor assembly 36 can
include a transceiver, a transducer, a processor, and/or
programmable memory that 1s mounted in or onto and that
1s electrically connected to one or more of first sensor 40,
second sensor 42, power source 44, and transmitter 46. In
other embodiments, sensor assembly 36 can include a single
sensor (e.g., one of either first sensor 40 or second sensor
42). Collar 38 1s a split clamping collar.

First sensor 40 and second sensor 42 can be optical
sensors. In one example, first and/or second sensors 40 and
42 can be an optical, inifrared, or laser sensor. In this
example, first and second sensors 40 and 42 each include an
emitter configured to emit a source signal and a signal
sensing device operably connected to each emitter. Power
source 44 1s a power-supplying component. In this example,
power source 44 can be a battery or an armature coil that
generates power as power source 44 1s rotated along with
shaft 28. Transmitter 46 1s a data transmission device. In one
example, transmitter 46 can be a wireless communication
device such as a wireless transceiver or a Bluetooth trans-
mission device.

In one embodiment, first flange 48 and second flange 50
are the ends of the flexible driveshait 10. First flange 48
and/or second flange 50 can also be a spline shait or an
adapter mechanism connected to first coupling 12 and
second coupling 20 respectively to transfer torque to the
power transmission system. In another non-limiting embodi-
ment, first coupling 12 and/or second coupling 20 can be
directly connected to the engine, the accessory gear box, the
main rotor gear box and/or a tail propeller of a helicopter
independently from shait 28. Shait 28 can be connected to
first coupling 12 at shait end 30 and second coupling 20 at
shaft end 32. Traditionally, gearboxes are left relatively
permanent and are rarely removed except for an overhaul or
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4

major repair procedure. The tlexible driveshalt 10 1s typi-
cally the component that 1s removed/installed more ire-
quently.

In this example, flexible shait assembly 10 1s connected to
one or more of the accessory gear box, the main rotor gear
box and/or the tail propeller of an aircraft (e.g., helicopter)
or vehicle via first flange 48 and/or second tlange 50. First
coupling 12 1s coupled and/or mounted to first end 30 of
shaft 28 and to first flange 48. First diaphragms 14 are
inter-connected to each other at their radially inward and
radially outward edges. First outer rim 16 1s located on a
radially outer portion of one of first diaphragms 14 that 1s
closest to shait 28. First coupling axis 18 passes through a
radial center of first coupling 12. In the embodiment shown
in FIG. 1A, first coupling axis 18 also passes through a radial
center point of first flange 48 and 1s parallel to and coaxial
with shaft axis 34.

Second coupling 20 1s coupled and/or mounted to second
end 30 of shaft 28 and to second flange 350. Second dia-
phragms 22 are inter-connected to each other at their radially
inward and radially outward edges. Second outer rim 24 1s
located on a radially outer portion of one of second dia-
phragms 22 that 1s closest to shaft 28. Second coupling axis
26 passes through a radial center of second coupling 20. In
the embodiment shown 1n FIG. 1A, second coupling axis 26
also passes through a radial center point of second flange 50
and 1s parallel to and coaxial with shait axis 34.

Shaft 28 1s connected to first coupling 12 at first end 30
and to second coupling 20 at second end 32. Shaft 28 is
coupled to first and second couplings 12 and 20 such that
first coupling 12, second coupling 20, and shaft 28 are
rotationally synchronous and rotate with each of the others.
For example, as first coupling 12 1s driven to rotate by
another component, the torque from first coupling 12 1is
transierred to shait 28 which in turn transfers that torque to
second coupling 20, or vice versa. Shait axis 34 extends
axially through a radial centerpoint of shaft 28. In the
embodiment shown 1n FIG. 1A, shaft axis 34 1s parallel and
coaxial with first coupling axis 18 and with second coupling
axis 26.

Sensor assembly 36 1s secured to shaft 28 via collar 38,
which clamps onto shait 28. In this embodiment, collar 38
ol sensor assembly 36 1s located generally at a mid-point of
shaft 28. First sensor 40 and second sensor 42 are mounted
into or onto opposing axial ends of collar 38. In this
example, first sensor 40 and second sensor 42 are mounted
180 degrees apart from each other about a circumierence of
collar 38. First sensor 40 and second sensor 42 are synchro-
nized at 180 degrees such that they are angularly aligned at
180 degrees from each other. Second sensor 42 1s mounted
at a second circumierential position that 1s located 180
degrees relative to the first circumierential position of first
sensor 40.

Power source 44 1s attached to collar 38 and 1s electrically
connected to one or more of first sensor 40, second sensor
42, and transmitter 46. Transmuitter 46 1s attached to collar 38
and 1s electrically connected to one or more of first sensor
40, second sensor 42, and power source 44. First flange 48
1s coupled to first coupling 12 such that first coupling 12 and
first flange 48 rotate with each other (e.g., do not rotate
relative to each other). Second flange 50 1s coupled to
second coupling 20 such that second coupling 20 and second
flange 350 rotate with each other (e.g., do not rotate relative
to each other).

Flexible shait assembly 10 can be utilized with an engine
or motor to transier torque to diflerent elements with rota-
tional axes occupying non-coaxial alignment during differ-
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ent phases of operation. First coupling 12 and second
coupling 20 maintain a parallel alignment of first coupling
ax1is 18 and second coupling axis 26 relative to each other by
flexing and bending as first coupling 12 and second coupling
20 move during operation of the vehicle or aircraft. In
another example, the flexibility of first coupling 12 and
second coupling 20 accounts for assembly and design tol-
erances which prevent a perfect alignment between {irst
coupling axis 18, second coupling axis 26, and shaft axis 34.
First coupling 12 and second coupling 20 also provide a
restorative force or spring force to bias shaft 28 back into
alignment with first coupling axis 18 and with second
coupling axis 26. In one non-limiting embodiment, ball
joints with no axial clearance are disposed inside of first
coupling 12 and second coupling 20 limit the axial displace-
ment of shaft 28 by limiting an axial expansion of each of
first coupling 12 and second coupling 20. The ball joints
within first coupling 12 and second coupling 20 also prevent
first diaphragms 14 and second diaphragms 22 from com-
pressing 1n onto each other. Additionally, these ball joints
can wear over time and may eventually allow for axial
displacement of shaift 28. As such, measuring the axial
displacement of shaft 28 would provide information on
when the components of flexible shaft assembly 10 (e.g., the
ball joints) need to be replaced.

First diaphragms 14 and second diaphragms 22 flex and
bend during operation of the motor or engine allowing for
angular and axial misalignment of shaft 28 with first and/or
second flanges 48 and 50 while also maintaining the
mechanical connections between shait 28 and first and
second couplings 12 and 20. Additionally, first diaphragms
14 and second diaphragms 22 provide for the transmission
of power between {first and second flanges 48 and 50 as {first
and second flanges 48 and 50 move relative to each other
due to design tolerances, baselines errors during installation,
and/or dynamic and thermal forces during operation.

First outer rim 16 provides a target poimnt along the
circumierential edge of the axially inner-most first dia-
phragm 14 upon which a source signal emitted by first
sensor 40 1s reflected off of and back towards first sensor 40.
Second outer rim 24 provides a target point along the
circumierential edge of the axially inner-most second dia-
phragm 22 upon which a source signal emitted by second
sensor 42 1s reflected ofl of and back towards second sensor
42. In this example, shaft 28 rotates to drive other compo-
nents within the vehicle such as an accessory gearbox, a
main rotor gearbox, or an intermediate gearbox in a tail
section ol a helicopter. In other examples, shait 28 can be
connected to one or more other shaits instead of being
connected to first and second flanges 48 and 50. In this
example, flexible shaft assembly 10 can rotate at a rate of
4,000 to 24,000 revolutions per minute. As will be discussed
turther with respect to FIG. 2, sensor assembly 36 measures
the misalignment (and/or a change in the misalignment) of
shaft 28 relative to first coupling axis 18, to second coupling
axis 26, or to first flange 48, and to second flange 50.

Collar 38 clamps and aflixes sensor assembly 36 onto
shaft 28 such that sensor assembly and 1ts components rotate
along with shait 28. First sensor 40 senses a distance from
first sensor 40 to first outer rim 16 of first coupling 12 as
shait 28 rotates with first sensor 40. Second sensor 42 senses
a distance from second sensor 42 to second outer rim 24 of
second coupling 20 as shaft 28 rotates with second sensor
42. Power source 44 provides power via electric current to
sensor assembly 36. In this example, transmitter 46 trans-
mits a sensed distance from first sensor 40 to first outer rim
16 of first coupling 12 and/or a sensed distance from second
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sensor 42 to second outer rim 24 of second coupling 20 to
a receiver (see e.g., receiver 52 shown i FIG. 2) located
externally from shait 28.

Flexible shaft assembly 10, in one example, utilizes
sensor assembly 36 to communicate with external devices
via one or more networks, such as one or more wireless or
wired networks or both. One or more components of sensor
assembly 36 (e.g., transmitter 46) and/or a component on the
aircraft or vehicle can be a network interface card, such as
an ethernet card, an optical transceiver, a radio frequency
transceiver, or any other type of device that can send and
receive information. Other examples of such network inter-
faces can include Bluetooth, 3G, 4G, and Wi-F1 devices as
well as Universal Serial Bus (USB). In some examples,
communication with an aircrait, a vehicle, or a ground
communication station can be performed via a communica-
tions bus, such as, for example, an Aeronautical Radio,
Incorporated (ARINC) standard communications protocol.
In another example, communication with aircraft, the
vehicle, or the ground communication station can be per-
formed via a communications bus, such as, for example, a
Controller Area Network (CAN) bus. It should be under-
stood that communications for sensor assembly 36 can be
made using any combination of wired, wireless, or optical
communications. First flange 48 either transfers torque to or
receives torque from shaft 28. Likewise, second flange 50
either receives torque from or transiers torque to shait 28.

FIG. 1B 1s a side view of flexible shait assembly 10 1n a
second misaligned position and shows first coupling 12
(with first diaphragms 14, first outer rim 16, and first
coupling axis 18), second coupling 20 (with second dia-
phragms 22, second outer rim 24, and second coupling axis
26), shatt 28 (with first end 30, second end 32, and shait axis
34), sensor assembly 36 (with collar 38, first sensor 40,
second sensor 42, power source 44, and transmitter 46), first
flange 48, second tlange 50, first angle 0,, second angle 0.,
receiver 52, computer 34, user interface 56, and program
memory 38. FIG. 1B also shows first distance D,, second
distance D,, third distance D, and fourth distance D.,.

First angle 0, 1s an angle between first coupling axis 18
and shaft axis 34. Second angle 0, 1s an angle between
second coupling axis 26 and shaft axis 34. Receiver 52 1s a
device for receiving a wireless data signal and converting
that wireless data signal into usable information. Computer
54 1s an electronic device for processing digital information
and may include a controller, a processor, a microprocessor,
a microcontroller, an application-specific itegrated circuit
(ASIC), a digital signal processor (DSP), a field program-
mable gate-array (FPGA), or other equivalent discrete or
integrated logic circuitry. User interface 56 1s a device, either
physical or virtual, by which information and/or data 1s
displayed to and/or received by a user (e.g., a person). In one
example, program memory 58 can be a computer-readable
memory used to store program instructions for execution by
one or more processors ol computer 34. For instance,
program memory 38 can be used by software or applications
executed to temporarily store information during program
execution.

First distance D, 1s a distance between first sensor 40 and
a circumierential top portion of first outer rim 16. In this
example, first sensor 40 1s shown positioned on a circum-
terential top of collar 38 (as compared to the position of
second sensor 42 shown 1n FIG. 1B as being located on a
circumierential bottom of collar 38). Second distance D, 1s
a distance between a circumierential bottom portion of
collar 38 and a circumierential bottom portion first outer rim
16. Third distance D, 1s a distance between a circumierential
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top location of second outer rim 24 and a circumierential top
portion of collar 38. Fourth distance D, 1s a distance between
second sensor 42 and a circumierential bottom portion of
second outer rim 24. In this example, second sensor 42 1s
shown positioned on a circumierential bottom of collar 38
(as compared to the position of first sensor 40 shown 1n FIG.
1B as being located on a circumierential top of collar 38).

Receiver 52 i1s electrically connected to at least one of
computer 34, user interface 56, and program memory 38. In
this embodiment, receiver 32 1s located externally from
flexible shaft assembly 10. In another embodiment, receiver
52 (along with one or more of computer 54, user interface
56, and program memory 58) can be located on or within the
vehicle or aircraft. In yet another embodiment, receiver 52
(along with one or more of computer 54, user interface 56,
and program memory 38) can be located externally from the
vehicle or aircraft, such as 1n a user console. Computer 54
1s electrically connected to receiver 52, user interface 56,
and to program memory 38. User interface 56 1s electrically
connected to computer 54. Program memory 38 1s electri-
cally connected to at least computer 54 and may also be
connected to receiver 52 and user interface 56. In some
non-limiting embodiments, program memory 38 can be
located 1nside or outside of the physical unit of computer 54.

In an example where first coupling axis 18 and second
coupling axis 26 are aligned with shaft axis 34, first angle 0,
and second angle 0, are zero (see e.g., FIG. 1A). In such an
example with first angle 0, and second angle 0., being zero,
first distance D, and second distance D, would be equal and
third distance D, and fourth distance D, would also be equal.
As first flange 48 moves relative to shaft 28 and first
coupling axis 18 becomes misaligned from shaft axis 34,
first angle 0, becomes greater than zero. As first angle 0,
becomes greater than zero, first distance D, becomes greater
or smaller than second distance D, such that an absolute
value of a difference between first distance D, and second
distance D, 1s greater than zero. As second tlange 50 moves
relative to shaft 28 and second coupling axis 26 becomes
misaligned from shaft axis 34, second angle 0, becomes
greater than zero. As second angle 0, becomes greater than
zero, third distance D, becomes greater or smaller than
fourth distance D, such that an absolute value of a difference
between third distance D5 and fourth distance D, 1s greater
than zero.

Receiver 52 receives wireless communications from
transmitter 46 of sensor assembly 36 and communicates
those signals to computer 54. Computer 54 receives com-
munications from receiver 52, and can then send those
communications to one or both of user interface 56 or
program memory 38. User interface 56 receives communi-
cations from computer 54 and displays them 1in a usable
format for a user. Program memory 58 store communica-
tions from computer 34 to be accessed and/or used at a later
time

As shatt 28 rotates with sensor assembly 36, first sensor
40 and second sensor 42 continuously measure the distance
to each of first outer rim 16 and second outer rim 24,
respectively. Each of first, second, third, and fourth distances
D,, D,, D,, and D, are determined by taking a known speed
of the signals sent from either of first sensor 40 and second
sensor 42 and multiplying those known speeds by an amount
of time (e.g., time of tlight) the signals take to be reflected
back to and received by first and second sensors 40 and 42.
In the embodiment shown, first distance D, second distance
D, third distance D;, and fourth distance D, are shown to
illustrate differences between first distance D, and second
distance D,, and between third distance D; and fourth

5

10

15

20

25

30

35

40

45

50

55

60

65

8

distance D,. These differences are created by the bending of
first diaphragms 14 and second diaphragms 22 as shown 1n
FIG. 1B.

As shaft 28 rotates, first sensor 40 and second sensor 42
also rotate with shaft 28 and sense the distance from first
sensor 40 and second sensor 42 to first outer rim 16 and to
second outer rim 24, respectively.

Sensing a distance from first sensor 40 to first outer rim
16 of first coupling 12 includes emitting a signal (e.g.,
optical) from {first sensor 40. The signal 1s reflected with first
outer rim 16 of first coupling 12 towards first sensor 40. The
reflected signal from first outer rim 16 of first coupling 12 1s
detected by first sensor 40. The distance from first sensor 40
to first outer rim 16 of first coupling 12 1s then determined
based on a time of flight for the reflected signal to reach first
sensor 40. Sensing a distance from second sensor 42 to
second outer rim 24 of second coupling 20 includes emitting,
a signal (e.g., optical) from second sensor 42. The signal 1s
reflected with second outer rim 24 of second coupling 20
towards second sensor 42. The reflected signal from second
outer rim 24 of second coupling 20 1s detected by second
sensor 42. The distance from second sensor 42 to second
outer rim 24 of second coupling 20 1s then determined based

on a time of tlight for the reflected signal to reach second
sensor 42.

The sensed distances from first sensor 40 to first outer rim
16 of first coupling 12 and from second sensor 42 to second
outer rim 24 of second coupling 20 are communicated to
transmitter 46 mounted on shait 28. The sensed distances
from first sensor 40 to first outer rim 16 of first coupling 12
and from second sensor 42 to second outer rim 24 of second
coupling 20 are transmitted by transmitter 46 to receiver 52,
which in this non-limiting embodiment 1s located externally
from shait 28. The sensed distances from first sensor 40 to
first outer rim 16 of first coupling 12 and from second sensor
42 to second outer rim 24 of second coupling 20 are
communicated to computer 54 connected to receiver 52.

A change 1n the distance from first sensor 40 to first outer
rim 16 of first coupling 12 1s determined based on the sensed
distance from first sensor 40 to first outer rim 16 of first
coupling 12. An angle of first coupling 12 based on the
change in the distance from first sensor 40 to first outer rim
16 of first coupling 12 1s determined based on the sensed
change 1n the distance from first sensor 40 to first outer rim
16 of first coupling 12. An angle of shaft 28 based on the
sensed distance from first sensor 40 to {irst outer rim 16 of
first coupling 12 representing the sensed change i1n the
distance from first sensor 40 to first outer rim 16 of first
coupling 12 1s determined.

In another non-limiting embodiment, a signal indicative
of an angle of shaft 28 can be sent to program memory 58
during operation of shaft 28. A value of the angle of shaft 28
can be stored in program memory 58. Program memory 58
can be accessed to retrieve the value of the angle of shaift 28.
The value of the angle of shaft 28 can be communicated to
a user after operation of shait 28.

In this embodiment, minimum and maximum values of
the distances from first outer rirm 16 to first sensor 40
correspond with first distance D, as a maximum and second
distance D, as a minimum distance from first outer rim 16
to first sensor 40 as first sensor 40 rotates with shaft 28.
Likewise, minimum and maximum values of the distances
from second outer rim 24 to second sensor 42 correspond
with third distance D, as a minimum and fourth distance D,
as a maximum distance from second outer rim 24 to second
sensor 42 as second sensor 42 rotates with shait 28.
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Flexible shait assembly 10 with sensor assembly 36
allows measurement of misalignment of shaft 28 while shaft
28 1s rotating. Existing systems incorporate sensors mounted
independently from the rotating component (e.g., the shait)
such that one of the reflection target or the sensors 1s
stationary relative to the other. Here, first sensor 40 rotates
with first outer rim 16 (e.g., the target) and second sensor 42
rotates with second outer rim 24 (e.g., secondary target)
allowing for measurement of changes during operation of
flexible shaft assembly 10, with a secure mounting relation-
ship between shait 28 and sensors assembly 36, and prevent
malfunction of more complex components such as strain
gauges.

Additionally, flexible shaft assembly 10 with sensor
assembly 36 can accomplish measurement of misalignment
of shaft 28 with one or two sensors. Sensor assembly 36
climinates sources of error associated with sensors attached
to the stationary airframe. Flexible shaft assembly 10 with
sensor assembly 36 places the sensor(s) on shaft 28 (smallest
diameter part 1n flexible shait assembly 10), thereby reduc-
ing centrifugal forces that can dislocate the sensor(s) ofl 1f
at a larger diameter such as first or second outer rims 16 and
24 of first and second couplings 12 and 20. Flexible shatt
assembly 10 with sensor assembly 36 eliminates the need for
disassembly and reassembly associated with external sen-
sors usage due to the capability of attaching split collar 38
onto shaft 28.

Adjustment of a gap between couplings and external
sensors 1s eliminated with the placement of one or two
sensors on shait 28. Flexible shaft assembly 10 with sensor
assembly 36 also allows for pre-installation of sensor assem-
bly 36 on shait 28 such that that a customer does not have
to worry about installing sensors during their own 1nstalla-
tion and assembly. Sensor assembly 36 with 1ts components
provides self-powered sensors with storage or data trans-
mission capability which eliminates considerable eflorts
during installation of flexible shaft assembly 10. With the
ability to add sensor assembly 36 with collar 38 to any shatft,
any driveshaft can be modified at the factory and returned to
the customer for immediate use.

FIG. 2 shows graph 100 of signals collected during a full
360° revolution of flexible shait assembly 10 for four
different alignment conditions. The dependent, horizontal
axis of graph 100 represents the degree of rotation, which 1n
graph 100 ranges from 0° up to 360° (e.g., 0 radians up to
27nt radians). The mdependent, vertical axis of graph 100
represents a peak-to-peak displacement (e.g., amplitude) of
the signals. In this embodiment, the peak-to-peak displace-
ment value represents a change in distance from sensor
assembly 36 to first outer rim 16 as flexible shait assembly
10 rotates around a full 360° revolution. As discussed herein
with reference to FIG. 2, the sensing and/or measurement of
first signal Y, second signal Y, third signal Y, and fourth
signal Y, are measured/sensed between first sensor 40 of
sensor assembly 36 and first outer rim 16 of first coupling 12
to determine an amount of misalignment between shait 28
and first coupling 12. In another non-limiting embodiment,
the following discussion can also apply to sensing and/or
measurement of first signal Y |, second signal Y ,, third signal
Y, and fourth signal Y, as being measured/sensed between
second sensor 42 of sensor assembly 36 and second outer
rim 24 of second coupling 20 to determine an amount of
misalignment between shait 28 and second coupling 20.

The four different conditions are represented by first
signal Y,, second signal Y,, third signal Y., and fourth
signal Y,. First signal Y, 1s a wavelorm signal that repre-
sents an aligned, neutral position of shait 28 such that there
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1s no axial or no angular misalignment between shaft 28 and
first coupling 12. Second signal Y, 1s a wavetorm signal that
represents an axial misalignment condition but not an angu-
lar misalignment condition. Third signal Y, 1s a sinusoidal
wavelorm signal that represents an angular misalignment
condition but not an axial misalignment condition. Fourth
signal Y, 1s a sinusoidal wavetform signal that represents
combined axial and angular misalignment conditions.

Sensor assembly 36 measures the distance (e.g., distances
D, and D,) between first sensor 40 and the target (e.g., first
outer rim 14 of first coupling 12). In a neutral position with
no angular or axial displacement of shaft 28, distances D,
and D, remain approximately equal such that the resultant
amplitude of the sensed signal equals zero during the entire
360° revolution of shaft 28.

In a misalignment condition, for example when there 1s
angular misalignment between first coupling axis 18 and
shaft axis 34 of shaft 28, distances D, and D, change such
that an absolute value of the difference between distances D,
and D, becomes greater than zero. The distance from first
sensor 40 to first outer rim 16 1s measured by sensor
assembly 36 as shaft 28 rotates 360° 1n one revolution. The
measurement ol the distance from first sensor 40 to first
outer rim 16 creates a wavelorm signal as shown 1n FIG. 2.
Angular misalignment is represented by a sinusoidal portion
of the sensed signal. Signal analysis 1s used to calculate a
peak-to-peak value of the waveform signal and trigonometry
1s used to convert the peak-to-peak value to angular mis-
alignment. An axial position 1s represented by a mean of the
wavelorm signal. The mean of the wavelorm signal 1s
calculated using signal analysis. For example, anytime there
1s a change in the axial position of shaft 28, the mean of the
wavelorm signal will change. This change in the waveform
signal 1s then compared to a computed value from the neutral
position (e.g., first signal Y, shown 1n FIG. 2) to calculate
the axial displacement of shaft 28.

For example, the distance between first sensor 40 and first
coupling 12 at an outer diameter of shait 28 does not change
as flexible shait assembly 10 rotates. However, angular
misalignment between first coupling axis 18 and shaft axis
34 cause first coupling 12 to tilt. A first point along first outer
rim 16 (e.g., a gravitation top of first outer rim 16 as shown
in FIG. 1B) moves closer to first sensor 40. A second point
(e.g., a gravitational bottom of first outer rim 16 as shown 1n
FIG. 1B) that 1s 180° away from the first point, moves away
from first sensor 40. The total movement 1s the peak-to-peak
value of the wavetorm signal for one full 360° revolution.
Half of the peak-to-peak value can represent one side of a
right triangle. For small displacements, the radius of first
coupling 12 will be the other side of the rnight triangle.
Assuming the small displacement as the short side of the
right angle triangle, the amount of displacement can be

converted mto an angle a using a Tangent function as 1n
Equation 1.

Y Equation 1
tan(a) = B

Where, Y=peak-to-peak displacement; and D=Diameter
on coupling where measurement 1s being made=(2xRadius).
Any degree of error 1n this assumption 1s very small and can
be corrected, 1f necessary. Here 1n FIG. 2, signal Y, shows
an example of the measured signal for a shaft that only has
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angular misalignment. The peak-to-peak value of signal Y,
can be imputed mto Equation 1 to compute the angular

misalignment.

For pure axial displacement the reading at any two points
180° apart will be the same, for example not positive or
negative compared to the neutral position distance. As shaft
28 rotates, the distance change will remain constant. Axial
position 1s the mean of the signal for one 360° rotation. The
mean 1s calculated by signal analysis. Anytime there 1s a
change 1n the axial position of shait 28, the mean of the
wavetorm signal will change. This change 1s compared to
the computed value from the neutral position (e.g., first
signal Y,) to calculate the axial displacement of shait 28.
Because there are two couplings, the total stretch or com-
pression ol shaft 28 will be twice the measured value.
Retferencing FIG. 2, signal Y, shows an example of the
measured signal for shait 28 subject to an axial position
change relative to the neutral position. The mean value of
signal Y, can be subtracted from the mean value of signal Y,
to compute the axial displacement of shait 28. For a con-
dition with a combination of angular misalignment and axial
displacement, the previous methods still apply. Referencing
FIG. 2, signal Y, shows an example of the measured signal
for shaft 28 subject to angular misalignment and axial
displacement relative to the neutral position. The angular
misalignment 1s computed by taking the peak-to-peak value
of signal Y, and imputing 1t into Equation 1. The mean value
of signal Y, can then be subtracted from the mean of signal
Y, to compute the axial displacement of shaft 28.

Regarding the bending moments of first and second
coupling 12 and 20, the ratio for the distribution of mis-
alignment 1n the couplings (e.g., first and second couplings
12 and 20) with multiple diaphragms depends on the overall
length of shaft 28 and the width of each diaphragm. Longer
length shafts result 1n almost equal distribution, while very
short shaits have unequal distribution, with the innermost
diaphragm (e.g., at first outer im 16 where measurements
are taken) subjected to less angular displacement than the
outer most diaphragm. When a length and width of shait 28
and the widths of the coupling diaphragms are available,
calculations will be made to determine the distribution. After
the measurements, the data will be used to calculate a total
misalignment between first coupling 12 and shaft 28. For
example, 1n a coupling with four diaphragms, 1nstead of four
times the measured value, a factor slightly higher factor than
four (e.g., 4.25) could be used as the ratio for the distribution
of misalignment 1n the couplings.

Discussion of Possible Embodiments

A method for sensing misalignment of a rotating shaft
includes rotating the shait aligned along a shaft axis. A first
coupling with a first rim and a first axis 1s mounted to a first
end of the shatit and a second coupling with a second rim and
a second axis 1s mounted to a second end of the shaft. A first
sensor 1s coupled to a portion of the shaft such that the first
sensor rotates with the shaft. A distance from the first sensor
to the first rim of the first coupling 1s sensed as the shaft
rotates with the first sensor. A change in the distance from
the first sensor to the first rim of the first coupling 1s
determined based on the sensed distance from the first
sensor to the first im of the first coupling. An angle of the
first coupling 1s determined based on the sensed change 1n
the distance from the first sensor to the first rim of the first
coupling during one revolution of the shaft. An angle of the
shaft 1s determined based on the sensed distance from the
first sensor to the first rim of the first coupling representing

10

15

20

25

30

35

40

45

50

55

60

65

12

the sensed change in the distance from the first sensor to the
first rim of the first coupling during one revolution of the

shaft.

The method of the preceding paragraph can optionally
include, additionally and/or alternatively, any one or more of
the following steps, features, configurations and/or addi-
tional components.

A signal can be emitted from the first sensor, the signal
can be reflected with the first nm of the first coupling
towards the first sensor, the retlected signal from the first rim
of the first coupling can be detected, and/or the distance
from the first sensor to the first rim of the first coupling can
be determined based on a time of flight for the reflected
signal to reach the first sensor.

The sensed distance from the first sensor to the first rim
of the first coupling can be communicated to a transmitter
mounted on the shaft, the sensed distance from the first
sensor to the first rim of the first coupling can be transmitted
to a receiver located externally from the shaft, and/or the
sensed distance from the first sensor to the first rim of the
first coupling can be communicated to a computer that is
connected to the receiver.

A signal can be sent to a user interface during operation
of the shaft, wherein the signal indicates the angle of the
shaft.

A signal can be sent to a program memory during opera-
tion of the shaft, wherein the signal can indicate the angle of
the shaft, a value of the angle of the shaft can be stored in
the program memory, the program memory can be accessed
to retrieve the value of the angle of the shait, and/or the
value of the angle of the shaft can be communicated to a user
alter operation of the shaft.

An amount of axial displacement of the shaft can be
calculated.

The distance from the first sensor to the first outer rim can
be measured as the shaft rotates an entire 360° revolution, a
wavelorm signal representative of the measured distance
from the first sensor to the first outer rim during the
revolution of the shaft can be created, a peak-to-peak value
of the wavelorm signal can be calculated, and/or the peak-
to-peak value of the waveform signal can be converted to an
amount of angular misalignment of the shaft.

A mean of the wavelorm signal can be calculated and/or
a change in the mean of the waveform signal can be
compared to a computed value from neutral position of the
shatt.

A flexible shaft assembly includes a shaft, first and second

couplings, and a sensor assembly. The first coupling
includes a first outer rim and 1s mounted to a first end of the
shaft. The second coupling 1s mounted to a second end of the
shaft. The sensor assembly 1s mounted to the shaft and
includes a collar and a first sensor. The collar 1s mounted
onto an exterior surface of the shaft. The first sensor faces
the first outer rim of the first coupling and 1s coupled to the
collar such that the first sensor rotates with the collar as the
collar 1s rotated with the shatt.
The assembly of the preceding paragraph can optionally
include, additionally and/or alternatively, any one or more of
the following {features, configurations and/or additional
components.

The sensor assembly can be mounted onto the shait at a
midpoint of the shatt.

An emitter can be configured to emit a signal, a signal
sensing device can be operably connected to the emutter,
and/or a power source can be connected to at least one of the
emitter and the signal sensing device.
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A second sensor can face a second outer rim of the second
coupling.

The first sensor can be mounted at a first circumfierential
position, wherein the second sensor can be mounted at a
second circumierential position that can be located 180
degrees relative to the first circumierential position of the
first sensor.

A shaft misalignment measuring system includes a first
coupling, a second coupling, a shait, and a sensor assembly.
The first coupling includes a first radially outer rim, wherein
the second coupling includes a second radially outer rim.
The shaft 1s connected to and extends between the first
coupling and the second coupling. The sensor assembly 1s
mounted on the shaft and includes a collar, a first sensor, and
a second sensor. The collar 1s attached to the shaft. The first
sensor 1s mounted to a first location of the collar and 1s
configured to measure a change 1n angle of the first radially
outer rim as the shait rotates. The second sensor 1s mounted
to a second location of the collar and 1s configured to
measure a change 1n angle of the second radially outer rim
as the shaft rotates.

The system of the preceding paragraph can optionally
include, additionally and/or alternatively, any one or more of
the following {features, configurations and/or additional
components.

A remote receiver unit can be disposed externally from
the sensor assembly and the shaft, wherein the sensor
assembly can be 1n wireless communication with the remote
receiver assembly.

While the mvention has been described with reference to
an exemplary embodiment(s), it will be understood by those
skilled 1n the art that various changes may be made and
equivalents may be substituted for elements thereotf without
departing from the scope of the mvention. In addition, many
modifications may be made to adapt a particular situation or
material to the teachings of the mvention without departing,
from the essential scope thereof. Therefore, 1t 1s intended
that the invention not be limited to the particular embodi-
ment(s) disclosed, but that the mvention will include all
embodiments falling within the scope of the appended
claims.

The 1nvention claimed 1s:
1. A method for sensing misalignment of a rotating shaft,
the method comprising:

rotating the shaft aligned along a shait axis, wherein a first
coupling with a first rim and a {first axis 1s mounted to
a lirst end of the shaft, and a second coupling with a
second rm and a second axis 1s mounted to a second
end of the shaft, wherein a first sensor 1s coupled to a
portion of the shaft such that the first sensor rotates with
the shaft as the shaft 1s rotated;

sensing a distance from the first sensor to the first rim of
the first coupling as the shait rotates with the first
SeNsor;

determining a change 1n the distance from the first sensor
to the first rim of the first coupling based on the sensed
distance from the first sensor to the first rim of the first
coupling;

determining an angle of the first coupling based on the
change in the distance from the first sensor to the first
rim of the first coupling during one revolution of the
shaft based on the sensed change in the distance from
the first sensor to the first rim of the first coupling; and

determining an angle of the shaft based on the sensed
distance from the first sensor to the first rim of the first
coupling representing the sensed change in the distance
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from the first sensor to the first rim of the first coupling
during one revolution of the shaft.

2. The method of claim 1, wherein sensing a distance from
the first sensor to the first rim of the first coupling as the shaft
rotates with the first sensor comprises:

emitting a signal from the first sensor;

reflecting the signal with the first rim of the first coupling

towards the first sensor;

detecting the retlected signal from the first rim of the first

coupling; and

determining the distance from the first sensor to the first

rim of the first coupling based on a time of tlight for the
reflected signal to reach the first sensor.

3. The method of claim 1, further comprising:

communicating the sensed distance from the first sensor

to the first rim of the first coupling to a transmitter
mounted on the shatt:

transmitting the sensed distance from the first sensor to

the first rim of the first coupling to a receiver located
externally from the shaft; and

communicating the sensed distance from the first sensor

to the first rim of the first coupling to a computer that
1s connected to the receiver.

4. The method of claim 3, further comprising sending a
signal to a user interface during operation of the shait,
wherein the signal indicates the angle of the shatt.

5. The method of claim 3, further comprising:

sending a signal to a program memory during operation of

the shaft, wherein the signal indicates the angle of the
shaft;

storing a value of the angle of the shaft in the program

memory;

accessing the program memory to retrieve the value of the

angle of the shait; and

communicating the value of the angle of the shatt to a user

after operation of the shaft.
6. The method of claim 1, further comprising calculating
an amount of axial displacement of the shaft.
7. The method of claim 6, further comprising:
measuring the distance from the first sensor to the first
outer rim as the shaft rotates an entire 360° revolution;

creating a wavelorm signal representative of the measured
distance from the first sensor to the first outer rim
during the revolution of the shaft;

calculating a peak-to-peak value of the wavetform signal;

and

converting the peak-to-peak value of the wavetorm signal

to an amount of angular misalignment of the shatt.

8. The method of claim 7, wherein calculating the axial
displacement of the shait comprises:

calculating a mean of the wavetform signal; and

comparing a change in the mean of the wavetform signal

to a computed value from neutral position of the shaft.

9. A flexible shait assembly comprising:

a shaft rotatable about a shaft axis;

a first coupling mounted to a first end of the shafit, the first

coupling with a first outer rim;

a second coupling mounted to a second end of the shaft;

and

a sensor assembly mounted to the shaft, wherein the

sensor assembly comprises:

a collar mounted onto an exterior surface of the shaft;
and

a first sensor coupled to the collar such that the first
sensor rotates with the collar as the collar 1s rotated
with the shaft, wherein the first sensor faces the first
outer rim of the first coupling.
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10. The flexible shait assembly of claim 9, wherein the
sensor assembly 1s mounted onto the shaft at a midpoint of
the shatt.

11. The flexible shait assembly of claim 9, wherein the
sensor assembly further comprises:

an emitter configured to emit a signal;

a signal sensing device operably connected to the emutter;

and

a power source connected to at least one of the emitter and

the signal sensing device.

12. The flexible shaft assembly of claim 9, wherein the
sensor assembly comprises a second sensor, wherein the
second sensor faces a second outer rim of the second
coupling.

13. The flexible shait assembly of claim 12, wherein the
first sensor 1s mounted at a first circumierential position,
wherein the second sensor 1s mounted at a second circum-
ferential position that 1s located 180 degrees relative to the
first circumierential position of the first sensor.

14. A shaft misalignment measuring system comprising:

a first coupling and a second coupling, wherein the first

coupling includes a first radially outer rim, wherein the
second coupling includes a second radially outer rim;
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a shaft connected to and extending between the first
coupling and the second coupling; and

a sensor assembly mounted on the shait, wherein the
sensor assembly comprises:

a collar attached to the shaft;

a first sensor mounted to a first location of the collar,
wherein the first sensor 1s configured to measure a
change 1n angle of the first radially outer rim as the
shaft rotates; and

a second sensor mounted to a second location of the
collar, wherein the second sensor i1s configured to
measure a change in angle of the second radially
outer rim as the shaft rotates.

15. The shaft misalignment measuring system of claim
14, further comprising:

a remote recerver unit disposed externally from the sensor

assembly and the shaft, wherein the sensor assembly 1s

1n wireless communication with the remote receiver
assembly.
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